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of renewable sources, which are usually vegetable oils and animal fats by the development of new production concepts that include biodiesel from vegetable oils via the transesterification process, bio-hydrogen from the gasification and bio-oil from the liquefaction of biomass, with biodiesel production. These processes simultaneously address the major and increasingly relevant global concerns related to intelligent waste management and renewable energy production [1, 2] .
The growing demand for alternative energy sources has contributed to increased biofuel production, but the effects on biodiversity of land-use change to biofuel crops remain unclear [2] . Several techniques have been proposed in the past years for biomass treatment. Techniques, applying supercritical fluids as a processing media certainly have a promising potential for future large-scale biofuel production, especially for biodiesel production from waste oil and waste fat. Compared with conventional biofuel production methods, the supercritical fluid technology possesses a number of advantages that includes fast kinetics, high fuel production rate, ease of continuous operation and elimination of the necessity of catalysts. These processes tend towards a high feed flexibility and the ability to use a number of low or non-value inputs like sludge from wastewater treatment, manure from livestock production, as well as residues from food processing, ethanol production and bio-diesel production. The main drawbacks for wider application are the high temperatures and high pressures that require special materials, and consequently, the associated costs are the main concerns.
There is another issue related to technologies applying supercritical fluids as an alternative processing media: above the critical point a compound demonstrates unique properties, which can be "finetuned", making them suitable as solvents in a range of industrial and laboratory processes. Thus, there is a challenge that scientists and engineers face lately in applying supercritical fluids to energy production and environmental protection. Certainly, the concept of biomass conversion should be adjusted in the way to open the innovative routes to completely new types of process intensification.
The intention of the paper is to give an overview of the supercritical water gasification technologies for hydrogen production, which are mainly still in development, and of their technical requirements. Fundamental studies of phase equilibria to support gasification for hydrogen production using renewable and sustainable energy resources are also presented. The concluding section exposes advantages of the gasification-based power generation and indicates the scope for future research.
Supercritical water gasification for hydrogen production-overview on the recent investigation The very first literature on reforming in supercritical water dates back to 1985, when Modell described experiments involving the quick immersion of maple wood sawdust in supercritical water [3] .
An overview of the state-of-the-art of hydrogen production technologies using renewable and sustainable energy resources, i.e., hydrogen production from water electrolysis (wind to hydrogen strategy), from water photolysis (solar to hydrogen strategy), from renewable resources, and from geothermal energy has been published recently by Hosseini and Wahid (2016) [4] . In their publication, the final cost of hydrogen produced from various resources was compared and it was concluded that hydrogen from SCWG of biomass is the most cost effective thermochemical process [4] .
By treatment at supercritical water conditions of 600 °C and 300 bar -but in the absence of added oxidants -organics can be converted into a hydrogenrich gas. Reforming in supercritical water technology is suitable to convert very wet biomass and liquid streams into a hydrogen rich gas (50-60 vol.%), free of tars and other contaminants. The gas becomes available at high pressure, avoiding the need for expensive compression.
Due to the supercritical conditions of water, counter-current heat exchange can be applied resulting in high thermal efficiencies of the system. As mentioned above, water can be part of the feedstock or added to the system. Besides serving as a reagent, water also act as the heat carrier in the system.
Lignocellulosic biomass is one of the most abundant forms of renewable resource available. The recent review on the available technologies and recent developments in biomass conversion to hydrogen has been published by Tanksale et al. [5] .
The possibilities to convert wet biomass to energy and chemicals include biochemical processes (e.g., anaerobic digestion) that rely on microorganisms, and hydrothermal processes using sub-or supercritical water. Although biochemical technologies are quite popular, their efficiency is limited, since they are only effective for the fraction of biomaterials that can be degraded by bacteria [6] . Hydrothermal processes have therefore gained much attention during the past decades as potential conversion routes for biomass waste, especially because they can be used for conversion of biomass waste with very high content of water.
Several reviews on SCWG of biomass, including thermophysical properties of water, the chemistry of reactions, the influence of catalysts and the process challenges have been published recently [7] [8] [9] [10] [11] [12] .
The reactor operating temperature is typically between 600 and 700 °C, at pressure around 300 bar. A residence time of 30 s up to 5 min is usually required to achieve complete carbon conversion (depending on the feedstock). The two-phase product stream is separated in a high-pressure gas-liquid separator, in which temperatures can be varied. Depending on the flashing conditions, a significant part of the CO 2 will remain in the water phase. Preliminary experiments showed that more than 50% of CO 2 could be captured by water. Contaminants such as H 2 S, NH 3 and HCl are likely to be captured in the water phase due to their higher solubility.
High reforming efficiencies are possible, but an earlier experimental research showed that as the concentration of the organic feedstock increases, the reforming efficiency falls to roughly 80-90%. By varying process conditions, different effects may be achieved. Certainly, the feedstock is the most important parameter influencing gas yield and composition. Process pressure hardly has any influence on both the product gas composition and the reforming efficiency in a very wide range of pressures (but above the supercritical pressure of water). Another important variable is the concentration of the feedstock, which usually exerts a limitation on the process. Concentrations higher than 5-10 wt.% lead to a significant drop of the hydrogen yield and carbon reforming efficiency.
The impact of temperature is relatively high: a higher temperature shows higher biomass conversion rates, and improved yields. Slow heating up leads to the promotion of coke/char, and reduce gas yield. Despite the gas composition depends on various aspects, such as temperature, type of feedstock, presence of any catalysts (including catalytic effect of reactor walls), heating up rate of the feed etc., the effect of gas composition as a function of these parameters is yet not well determined. Substantial amounts of hydrocarbons are found in the product gas, while the concentration of the syngas component (H 2 , CO and CO 2 ) depend on the presence of catalysts. Higher H 2 and CO and lower hydrocarbons concentrations are promoted by more rapid heating rates for the biomass.
The influence of the reactor material on the reaction was studied by Castello et al. and it was found that the reactor wall catalytic effects are significant even after hundreds of hours of operation and cannot be neglected [13] . The results showed that the use of a nickel alloy results in slightly higher gas productions [13] . Inconel ® 625 promoted hydrogenation reactions, such as CO methanation, while the use of a stainless steel reactor resulted in higher H 2 yields, which can be attributed to the ability of this material to catalyze the water-gas shift reaction [13] . These behaviors were only observed at supercritical conditions; under subcritical conditions, the two materials gave similar results [13] .
Many SCWG studies were performed using model compounds of biomass or industry effluents in order to better understand the reaction mechanisms and to determine the optimal conditions for the conversion to biofuels or chemicals.
As mentioned above, by hydrothermal gasification gaseous products, mainly CH 4 , H 2 , CO 2 and C 2 -C 4 carbon gases are produced as biomass waste without pre-drying reacts with water that acts not only as a solvent, but also as a reactant under subcritical and supercritical conditions. When applying lower temperatures, some bio-oil, char, and tar are also formed as side products, which decreases the yield of gases. The liquid phase contains mainly carboxylic acids, furfurals, phenols, aldehydes, and ketones. Typical conditions for this process are in the range of temperatures between 400 and 700 °C and in the pressure range from 25 up to 30 MPa [14] .
Some recently published papers dealing with SCWG of model compounds are summarized in Table 1 . A summary of the investigations on SCWG of real agricultural and food processing wastes in recent 3 years is presented in Table 2 . The addition of phenol reduces the gas yield obtainable from the feedstock mainly because the amount of glucose fed is lower. In the liquid phase phenol interferes with the mechanism of glucose degradation, by favoring the pathways involving de-hydration reactions. 4 , CO, C2-C4 compounds), liquid phase; The produced gas amount and the H 2 and CH 4 yields were found maximized at 600•C with the addition of K 2 CO 3 . The decreasing pressure promoted H 2 yields while decreasing the CH 4 yields.
36
Many studies have shown that phenol, acetic acid, and naphthalene are the main intermediates during the SCWG of lignin, cellulose, and other organic wastes [16] . The conversions of these intermediates are the key rate-controlling steps, which determine the final gaseous product distributions.
Beside biomass waste also SCWG of industrial wastes and wastewaters has been investigated and operating conditions are reviewed by Seif et al. [28] .
Fundamental principles, operating conditions, partial oxidative gasification, and detrimental effects of intermediates on hydrothermal gasification of sewage sludge and model compounds for renewable hydrogen production have been discussed by He et al. [37] .
Treatment of municipal sewage sludge with SCW, the influences of different process variables on the production of gases and research needs and challenges are proposed by Qian et al. [38] .
In the past decade, several contributions were published on CH 4 -CO 2 reforming for syngas production and hydrocarbon synthesis at atmospheric pressure [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Lately, some authors report about the processes performed at elevated pressures and temperatures. As a potential feedstock for methane production by catalytic gasification in supercritical water fermentation residues from a biogas plant were tested by Zöhrer and Vogel [51] .
The result showed that the methane yield was maximized at a temperature of 400 °C and nearly full conversion was obtained with the Ru/C catalyst at specific conditions [51] .
Hydrothermal gasification of a biodiesel by-product crude glycerol in the presence of phosphate based catalysts was studied lately by Cengiz et al. [52] . It was found that K 2 HPO 4 and K 3 PO 4 were more effective in terms of hydrogen production while H 3 PO 4 and KH 2 PO 4 showed the best performance for the maximized methane production [52] .
SCWG of hydrochar, the main product of the hydrothermal carbonization process or a side product in SCWG was studied by Castello et al. (2014) and the results showed that hydrochar derived from maize silage can be gasified, producing a gas rich in CO 2 and CH 4 [53] .
Several investigations were also published recently dealing with thermodynamic or kinetic modeling of SCWG process [54] [55] [56] [57] . In the work of Castello and Fiori (2011) the SCWG of biomass is analyzed aiming to outline the possible thermodynamic constraints that must be taken into account to develop this process [55] . The analysis is conducted by means of a two--phase non-stoichiometric thermodynamic model, based on Gibbs free energy minimization and enables foreseeing the process conditions leading to char formation and the energy needs of the process. Results showed that char formation at equilibrium only occurs at high biomass concentrations, with a strong dependence on biomass composition [55] . Furthermore, SCWG is mostly endothermic when biomass concentration is low, although a very small amount of oxidizing agent is able to make the process exothermic, with only a small loss in the heating value of the syngas produced [55] .
The equilibrium behavior of elements on compound and phase basis during the hydrothermal conversion of mixed pig-cow manure up to 580 °C and 24 MPa, as well as the effect of pressure and water weight fraction on main product gases, have been investigated with using direct Gibbs free energy minimization method [54] .
An integrated decomposition and gasification kinetic model using Aspen Plus software for cellulose, hemicellulose, lignin, and protein model compounds in sub-and SCW has been developed by Yakaboylu et al. to model the SCWG of wet biomass feedstocks regarding the carbon gasification efficiency and gas yields [57] . The model involves 55 reactions in the subcritical region and 74 reactions in the supercritical region and was tested for the gasification of for microalgae, pig-cow manure mixture, and paper pulp.
Nevertheless, gasification-based power generation is a relatively new technology and only few operating plants exist in practice. However, based on the comprehensive available literature (Tables 1 and  2) , gasification-based energy conversion systems are capable of providing stable, high-efficiency energy supply with reduced environmental impact compared with competitive technologies. Heat recovery appears to be essential for the supercritical water reforming process to be energetically feasible. Their main advantage is the capability to provide flexibility in the production of a wide range of products including electricity, fuels, chemicals, hydrogen, and steam, while utilizing low-cost, widely available feedstocks, such as coal and petroleum coke. In particular, gasification of biomass by supercritical fluid technology represents a much more efficient and environmentally friendly alternative to the conventional power generation processes.
Fundamental research to support the hydrogen production technologies using renewable and sustainable energy resources Unit operations that are well established for operation at atmospheric pressure are rarely applicable to supercritical water reforming. Intense research was performed to support analyses of supercritical gasification of glycerol, particularly in the reactivity of supercritical water and the further reforming of the methane and higher hydrocarbons in the syngas.
In the frame of our previous research [58] [59] [60] 62 ], investigation of phase equilibrium for the systems gas/water and gas mixtures/water was carried out to support the hydrogen production technologies using renewable and sustainable energy resources. These data present the basis for the design and operation of the pilot plant and dissemination of the concept to the industrial scale.
The gas-liquid equilibrium of water and CO 2 , H 2 and CH 4 have been investigated. Solubility measurements were conducted at three different temperatures of 293, 313 and 333 K in the pressure range from 100 bar up to 300 bar. Experiments on solubility helium in water and were carried out to validate the experimental technique. Solubility of hydrogen in water increases with increasing pressure at a constant temperature. It has been found out that the solubility of gas (hydrogen, helium) in water is very low. Anyhow, it increases with increasing pressure at a constant temperature. Further, it was observed that the solubility of CO 2 in water decreases with increasing temperature at constant pressure. No significant differences are observed for measured data of H 2 in pure water at higher temperatures [58] . For both, the solubility increases with increasing pressure. The phase equilibrium of the binary system carbon monoxide--water were measured at temperatures 323.15, 348.15, 373.15, 398.15 and 423.15 K and pressures from 20 to 50 MPa. The effect of pressure has been almost linear for the investigated system at lower temperatures [58] [59] [60] . The data has been compared to the one found in the literature [61] . It was observed that the trend of our results fits well to the one Gillespie and Wilson [61] . The solubility of carbon monoxide in water behaves as a strong function of temperature at high pressures, but still, it is only slightly dependent on pressure. This atypical behavior is not yet explained in the available literature and may be a consequence of the fact that under the studied conditions, carbon monoxide is in the supercritical state and thus, its behavior may be unpredictable. Additionally, in the supercritical area, the influence of temperature on the system density is considerable. The interactions between carbon monoxide and water may also influence the solubility trend [58] [59] [60] [61] .
Overall, solubility of carbon dioxide in water is nearly constant with pressure, but it increases with an increasing temperature.
By measuring solubility of methane in water, a trend of increased solubility with increasing pressure and, to a lesser extent, with decreasing temperatures, was obtained.
In the frame of the past research on reforming in supercritical water, a unit for the conversion of organic compounds to gaseous products via reactions in and with water at a temperature and pressure exceeding the thermodynamic critical point of water (t c = 374 °C and p c = 22.1 MPa) was constructed.
Namely, in the absence of added oxidants, organics can be converted into a hydrogen-rich gas. The emphasis of the investigation was on gas yields and the rate of carbon conversion. A specific highlight was dedicated to the determination of the effect of heating rate, biomass to water feed ratio, operating conditions on the gas composition. In the first step, glycerol/ /water solutions were injected directly into the reactor. Relatively high concentrations of gases with high C2+ were obtained by reforming at supercritical conditions. Since the main goal of the research was to reduce the hydrocarbon concentration from a synthetic mixture of gases and to increase the content of H 2 and CO, catalytic reactions at high pressure and temperature, were introduced in the following step. Several experiments were tested in the range of temperatures between 100 and 600 °C. No change in the composition of the substrate over the entire range of studied pressures was observed.
The possible explanation may be that all the catalyst reacted already with the surface of the reactor even before the reaction took place.
During the experiments performed at a constant temperature of 750 °C, there were only small changes in the concentration of the gases, which depended on the working pressure.
For all studied pressures, the final concentration of H 2 was lower than the concentration in the feed mixture; the lowest H 2 concentration was observed after the reactions performed at 1.2 MPa at the temperature of 750 °C. The concentration of CO increased for all studied pressures; the highest increase of CO concentration was observed after the reactions performed at 0.8 MPa. No decrease in CH 4 concentration was attained for any of the studied pressures; the concentration of CH 4 showed an important increase when working at pressures higher than 1 MPa: the concentration of CO 2 decreased for all studied pressures; the highest decrease in concentration was attained at 0.8 MPa.
CONCLUSION
Since the ever-tightening environmental regulations governing fossil fuel-based power generation, it is essential to address key regulatory issues that may affect both the siting and operation of future commercial plants of hydrogen production as one of the most promising alternative energy technologies.
Reforming in supercritical water technology is a technique that will certainly contribute to better understanding and developing an engineering concept, but still, there is an obstacle in transferring the technology into the industrial environment which indicates that aspects important for scale-up have to be investigated more intensively. Corrosion is, due to the presence of high pH values, high concentrations of dissolved oxygen, ionic inorganic species and high temperature-pressure variations, [62] a serious hindrance for a wider application of supercritical water as a processing media. Because of reduced salt solubility in supercritical water, metal oxides may be formed, which could form stable solid particles causing equipment fouling, plugging and erosion. The obstacle on the way between research and application need to be overcome. Reactor concepts are yet to be developed, while effects of process parameters on dedicated feedstocks are being established. New processing ways should focus on the opportunities for carbon capture, sequestration and storage, as well as to further pure hydrogen production via a further steammethane reforming process [62, 63] .
